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Abstract:  For organic semiconductors (OSCs), the molecular  packing determines the charge 
transport  of  the  resulting  devices.  It  is  desirable  to  control  the  molecular  packing  of  small 
molecular OSCs through facile processing methods in order to tune the electrical properties of 
OSC  devices.  We  describe  the  alteration  of  the  5,12-bis(triisopropylsilylethynyl)  pentacene 
(TIPSE-pentacene) molecular packing by changing the conditions used during solution shearing 
deposition. Solution shearing deposits TIPSE-pentacene thin film in a non-equilibrium state, and 
the π-π stacking distance between the molecules can be tuned between 3.08 Å to 3.33 Å as a 
function  of  these  conditions,  which  in  turn  significantly  affects  the  electronic  properties  of 
TIPSE-pentacene. Using the shearing speed as a handle for manipulating the molecular packing, 2 
 
the charge carrier mobility was increased from 0.3 cm
2/Vs to a record high mobility for TIPSE-
pentacene at  4.6 cm
2/Vs.  Control  of the molecular packing using processing conditions  will 
allow  for  the  development  of  high  performance  OSC  devices  beyond  traditional  synthetic 
methods.  
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Inorganic  semiconductor  films  that  exhibit  lattice  strain  can  show  improved  charge  carrier 
mobility compared to the same semiconductor exhibiting an unstrained lattice.(1-2) Inorganic 
semiconductors are often strained due to lattice mismatch that occurs when the semiconductor 
crystal is grown by heteroepitaxy. Recently, the bandgap of graphene has been modified using 
uniaxial  strain.(3)  Such  strain  effects  may  be  possible  for  OSCs.  However,  it  has  not  been 
reported. Straining the molecular packing of OSCs can alter the π-π stacking distance, and the 
change in this distance and the relative positions of adjacent molecules can significantly affect 
the charge transfer integral of OSCs (4-7). The charge transfer integral, which describes the 
electronic wavefunction overlap between adjacent molecules, is crucial in determining charge 
carrier mobility. 
Changing the chemical structure of the OSC as well as the chemical structure of the dielectric 
interface can affect the molecular packing of OSCs. They are effective methods used to design 
high performance OSCs.(6, 8-12) Non-synthetic techniques offer an alternative for controlling 
the molecular packing. In biological systems the molecular packing of protein crystals can be 
altered  by  tuning  the  crystal  growth  conditions,  such  as  pH,  solvent,  concentration,  and 
temperature, yielding lattice parameter shifts of up to 10%.(13) Similarly, some OSCs exhibit 
solid-state  transitions  where  discrete  molecular  packing  motifs  are  stable  at  specific 
temperatures, and also, the thin film packing may be different from the bulk molecular packing 
motif.(14-16) Here, we report the formation of  strained molecular packing of TIPS-pentacene by 
using a solution  shearing method.(17) The π-π  stacking distance decreased from  3.33 Å for 
evaporated thin film on SiO2 to 3.08 Å for the solution sheared thin film prepared at a shearing 
speed of 8 mm/s.(18) The charge carrier mobility was increased from 0.3 cm
2/Vs for unstrained 
films to as high as 4.6 cm
2/Vs for strained, aligned thin films.  4 
 
During the solution shearing process a shearing plate drags the solution across a heated substrate 
while  keeping  the  bulk  of  the  solution  between  the  plate  and  the  substrate,  with  only  the 
evaporation  front  exposed  (Fig.  S1,  Fig.  1A).(17,  19)  We  found  that  a  variety  of  process 
parameters can be systematically changed to influence thin film crystallite texture and molecular 
packing.  The  parameters  include  substrate  temperature,  shearing  speed,  solvent,  solution 
concentration, gap distance between the plate and the substrate, and the tilt angle between the 
plate  and  the  substrate.  Here,  we  report  on  using  shearing  speed  as  the  main  parameter,  as 
changing the shearing speed incrementally changes the molecular packing as well as the crystal 
texture of the TIPSE-pentacene thin films.  
The  solution  sheared  films  were  characterized  using  a  cross  polarized  optical  microscope 
(CPOM) to  determine the size and orientation  of the crystallites.  Fig.  1, B-F shows CPOM 
images illustrating the crystallite texture of thin films prepared as a function of shearing speed, 
ranging from 0.4 mm/s to 8 mm/s. Low magnification scans are shown in Fig. S2. At a shearing 
speed of 0.4 mm/s (Fig. 1B), the TIPSE-pentacene crystallites are up to a millimeter wide and up 
to a centimeter long, with the long axis in the shearing direction. Sample rotation under cross 
polarized light indicates that the TIPSE-pentacene crystallites are well oriented relative to each 
other and along the shearing direction.(20) Shearing at a speed of 1.6 mm/s (Fig. 1C) results in 
crystallites narrower and shorter in length than crystallites resulting from a shearing speed of 0.4 
mm/s. This trend in crystallite texture continues up to a shearing speed of 2.8 mm/s (Fig. 1D).  
When  the  shearing  speed  reaches  4  mm/s,  a  comet  shaped  morphology  (known  as 
‘transcrystalline’)  is  observed  (Fig.  1E).    These  features  are  hundreds  of  microns  wide  and 
several  millimeters  long.  Such  transcrystalline  textures  have  been  observed  for  polymers 
crystallized  in  a  temperature  gradient  (21-22)  and  for  small  molecules  crystallized  from  a 5 
 
supersaturated solution which forms in the presence of a concentration gradient.(23) A similar 
concentration gradient between the bulk solution and the evaporation front forms during solution 
shearing.(23-24)  Further  increase  in  the  shearing  speed  to  8  mm/s  results  in  an  isotropic, 
spherulitic  crystallite  texture  (Fig.  1F);  no  preferential  orientation  relative  to  the  shearing 
direction is observed for the spherulites.  
In addition to altering the TIPSE-pentacene film crystallite texture, the solution shearing speed 
also  has  an  effect  on  the  molecular  packing  in  the  film.  X-ray  scattering  experiments  were 
performed  to  characterize  the  crystallite  orientation  and  molecular  packing.  The  molecular 
packing structure of the TIPS-pentacene unit cell was previously calculated for the evaporated 
thin film.(18) Here, the same technique was applied to the sheared films. The evaporated TIPSE-
pentacene films (Fig. 2A) exhibit a slipped-stack packing motif similar to that of the TIPSE-
pentacene  bulk.  Solution  shearing  results  in  a  more  oblique  molecular  packing  motif, 
accompanied by a change in the π-π stacking distance between the TIPSE-pentacene molecules 
(Fig. 2B). The smallest π-π stacking distance decreases from 3.33 Å in the evaporated thin film 
to 3.08 Å in the thin film prepared at a shearing speed of 8 mm/s. This results in an increase in 
the HOMO orbital overlap as seen from the increased charge transfer integral, resulting in a 
faster charge transfer between two cofacially stacked molecules. The charge transfer integral 
changes from 11.7 meV in the evaporated thin film to 36.9 meV in the sheared thin film (Fig. S3, 
Table S1).  
A least-square-error fitting procedure was used to determine the unit cell of the solution sheared 
TIPS-pentacene  thin  films  from  grazing  incidence  X-ray  diffraction  (GIXD)  data.  As  the 
shearing speed increases, the (100) d-spacing shifts incrementally to lower values, from 7.69 Å 
to 7.25 Å, while concurrently, the (010) d-spacing shifts incrementally to higher values, from 6 
 
7.83 Å to 8.56 Å (Fig. 3A, Table S2). These d-spacing shifts occur in plane only, as the vertical 
layer spacing, also known as the (001) d-spacing, does not systematically shift with the shearing 
speed (Fig. S4).(19) The in-plane d-spacing shifts indicate that the TIPSE-pentacene in-plane 
unit cell geometry undergoes an monotonically increasing strain, becoming more oblique with 
increasing  shearing  speed,  while  the  in-plane  unit  cell  area  remains  comparatively  constant 
(Table 1).   
We show that the change in the position of GIXD signal used to determine the d-spacing shifts is 
not due to the existence of two crystal polymorphs whose individual contribution changes at 
different shearing speeds (Fig. S5).  Films of different thickness can exhibit different levels of 
crystal polymorphs that can affect the GIXD signal, so this effect is also considered. We find that 
the film thickness does not play a role in the change in molecular packing, as the majority of the 
molecular  packing  shift  occurs  at  roughly  the  same  thin  film  thickness  (Fig.  S6).  We  also 
exclude the possibility of an interface layer of TIPSE-pentacene at the dielectric/semiconductor 
interface  that  may  have  a  different  molecular  packing  compared  to  the  bulk  crystal.    The 
interface layer would not have significantly changed GIXD pattern. The possibility of solvent co-
crystallization that changes the molecular packing must also be considered, but the unit cell 
calculations do not show in-plane area expansion, which is consistent showed an excellent fit 
without the inclusion of solvent molecules. Moreover, the film sheared at a low speed (0.4 mm/s) 
showed the same GIXD pattern as that of evaporated thin film, which had no solvent inclusion.   
After confirming the strained molecular packing structure of the TIPSE-pentacene thin films, we 
measured the charge transport properties of these films. The in-plane charge carrier mobility was 
measured using bottom gate, top contact field effect transistors.(19) The average mobility as a 
function of shearing speed was found to increase until reaching a maximum value of 2.1 cm
2/Vs 7 
 
for thin films prepared at a speed of 2.6 mm/s (Fig. 3A, Table S3). The mobility decreased for 
faster shearing speeds, reaching an average value of 0.47 cm
2/Vs for thin films prepared at a 
speed of 8 mm/s.  The best performing device showed a mobility of 4.6 cm
2/Vs, deposited at a 
shearing speed of 2.8 mm/s (Fig. 3B). The decrease in the average mobility observed at shearing 
speeds above 2.6 mm/s is attributed to the decrease in crystallite alignment and size, as well as 
the increase in the number of grain boundaries (Fig. 1).(20)  
To  determine  if  the  strained  molecular  packing  is  a  result  of  a  TIPSE-pentacene  molecules 
present  in  a  metastable  state,  we  exposed  the  films  to  toluene  vapor,  which  induced  a 
reorganization of the molecular packing without affecting the crystallite texture. GIXD images 
were taken of thin films before, during, and after exposure of the film to toluene vapor. Upon 
exposure to toluene vapor a rearrangement takes place, resulting in a molecular packing structure 
similar to that of the evaporated film (Video S1).(19)  The molecular packing for the strained 
thin films returned to a similar GIXD pattern and packing structure as the evaporated film after 
exposure to toluene for an hour (Fig. S7). 
 The  mobility  of  the  TIPS-pentacene  TFTs  was  also  measured  before  and  after  exposure  to 
toluene vapor.  A decrease in TFT mobility was observed for thin films prepared at a speed 
above 0.4 mm/s (Fig. S8). The reduction in mobility after toluene vapor exposure is consistent 
with  the  observation  of  reduced  molecular  packing  distortion.  CPOM  and  atomic  force 
microscopy were used to confirm that no cracks were formed in the film, so that the change in 
mobility can be attributed to the reduction in molecular packing strain (Fig. S9). The mobility 
was measured after 5 min to exposure to toluene, as longer exposure times formed cracks in the 
thin film. The thin films prepared at a shearing speed of 0.4 mm/s show a slight increase in 
mobility after toluene vapor exposure, which is attributed to previously reported improvement of 8 
 
crystallinity.(25)  This  result  indicates  that  the  alteration  of  molecular  packing  induced  by 
solution shearing speeds above 0.4 mm/s is the key factor that causes increased charge carrier 
mobility, until the mobility starts to decrease due to grain boundaries.  
In our solution shearing method, the liquid film thickness decreases as a function of increasing 
shearing speed.(23) A steeper temperature  gradient  is  established in the thinner film,  as  the 
bottom of the film is in contact with a heating source, while the top surface is exposed to ambient 
temperature. The solvent evaporates faster in the thinner film, which results in a faster solvent 
and OSC flow towards the growing crystal front. (Fig. S1) The faster solvent evaporation rate 
also gives the growing crystal front less time to reach an equilibrium state. Consequently, the 
growing  crystal  front  crystallizes  in  a  metastable  state.  Faster  rates  of  solvent  evaporation 
coupled with velocity and concentration gradients gave rise to strained and aligned crystals.  
The direction of elongated crystallite texture growth is perpendicular to the (100) d-spacing, 
which is also the direction of high charge transport.(18, 26) As shearing speed increases, this d-
spacing as well as the π-π stacking distance between the TIPSE-pentacene molecules decreases. 
Consequently,  the  charge  transfer  integral  increases,  resulting  in  higher  charge  carrier 
mobilities.(4) Here, we have demonstrated that by varying simple processing conditions, we can 
incrementally change the molecular packing and the π-π stacking distance of the 2-D brick wall 
packing TIPSE-pentacene. The π-π stacking distance decreased from 3.35 Å to 3.08 Å. We were 
able to achieve an average charge carrier mobility of 2 cm
2/Vs. The highest value we achieved is 
4.6 cm
2/Vs compared to 1.8 cm
2/Vs(27) as the best reported in literature. However, we did not 
observe a monotonic increase in mobility as the shearing speed increased because the crystallite 
size  decreased  and  they  became  less  oriented.  The  increased  number  of  grain  boundaries 
hindered  charge  transport  within  the  TFT.  The  effect  of  grain  boundaries  on  charge  carrier 9 
 
mobilities has been well established elsewhere (28-29). Our solution shearing deposition is a 
general method that can be potentially applied to a variety of systems to systematically tune 
molecular  packing.  The  solution  shearing  method  is  a  facile  method  for  exploring  new 
parameters in solution processing of OSCs. The fact that the solution is sandwiched between two 
substrates allows a broader range of temperature and shearing speeds to be sampled compared to 
other  commonly  used  solution  processing  methods,  such  as  dip  coating  and  spin-coating. 
Changing  molecular  packing  without  changing  the  chemical  structure  provides  a  method  of 
understanding charge transport and improvement of the electrical characteristics of OSCs for 
practical applications.  10 
 
  
Fig. 1: (A) Schematic diagram of solution shearing method. (B) – (F) Cross polarized optical 
micrographs  of  solution  sheared  TIPSE-pentacene  thin  films,  formed  with  shearing  speed 
0.4mm/s, 1.6mm/s, 2.8mm/s, 4mm/s and 8mm/s, respectively (scale bar is 200μm). Dark regions 
of the images are due to crystallites oriented along the polarization direction of the light. In all 
cases the white arrow represents the shearing direction.   11 
 
        
Fig. 2: Molecular packing structure of TIPSE-pentacene prepared under different conditions. (A) 
Evaporated thin film. (B) Solution sheared film at 8 mm/s. (C) Solution sheared film at 8 mm/s, 
viewed along the b axis. The sphere represents the TIPSE group. The yellow and green colors 
correspond to the front and back of the molecule, respectively. The blue arrow in (c) represents 
the high charge transport direction, which is also the direction of shearing. 
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Fig. 3: (A) Charge carrier mobilities (left axis) and d-spacing (right axis) of TIPSE-pentacene 
thin films sheared at different speeds. The error bars show the standard error of the mean. (B) 
Transfer  curve  of  a  device  prepared  at  2.8  mm/s  shearing  speed  showing  mobility  of  4.59 
cm
2/Vs. 
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Speed  a  b  c  γ  In-plane area  Mobility  On/Off   Vt 
(mm/s)  (Å)  (Å)  (Å)  (deg)  (Å²)  (cm²/Vs)     (V) 
Evaporated(18)   7.70  7.83  16.78  99.0  59.5  -  -  - 
Single Crystal(18)  7.75  7.56  17.01  96.4  58.2  -  -  - 
0.4  7.73  7.79     97.8  59.7  0.335  1.8E+04  39.3 
1.6  7.68  7.97     99.8  60.3  0.778  2.1E+05  30.2 
2.8  7.56  8.04     100.2  59.9  1.490  8.2E+06  -16.5 
4  7.59  8.16     100.7  60.9  0.813  1.0E+07  -27.4 
8  7.56  8.56  16.83  108.0  61.5  0.471  1.2E+07  -35.7 
8-Toluene Vapor  
Annealed 1hr  7.80  7.82  17.00  98.7  60.3  -  -  - 
 Table  1:  TIPSE-pentacene  unit  cell  parameters  and  the  corresponding  TFT  performance 
(average mobility, on/off ratio and threshold voltage) as a function of different shearing speeds.  
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